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SUMMARY 

The impact cha rac t e r i s t i c s  of several  meta l l ic  p ro jec t i l e s  on a 
var ie ty  of t a r g e t  mater ia ls  were examined over a range of impact var i -  
ables  by means of a technique applicable t o  t h e  evaluation of t h e  physi- 
ca l  propert ies  of remote surfaces such as t h e  moon. Studies were made 
of accelerat ion time h i s t o r i e s  recorded during t h e  impact process and 
measurements taken of s ign i f icant  c r a t e r  dimensions. 

Acceleration time h i s t o r i e s  were obtained a t  ve loc i t i e s  up t o  
30 fps  during t h e  impact of p ro jec t i l e s  of various s i ze  and mass on 
concrete, lead, balsa,  sod, and sand t a r g e t s  and a t  ve loc i t i e s  up t o  
225 fps  during the  impact of 3-inch-diameter pro jec t i les ,  having d i f -  
f e r en t  mass and nose shapes, on s o i l  t a rge t s .  The cha rac t e r i s t i c s  
evaluated from t h e  accelerat ion time h i s t o r i e s  included the  pulse shape, 
t he  magnitude of t h e  peak acceleration, t h e  time required t o  reach t h a t  
acceleration, and t h e  t o t a l  duration of t h e  pulse. The resl i l ts  ind ica te  
t h a t  useful  information on t h e  hardness o r  pene t rab i l i ty  of any t a r g e t  
mater ia l  may be obtained i f  a measure of e i t h e r  t h e  peak accelerat ion 
during the  impact o r  t h e  corresponding t o t a l  pulse time i s  known. It 
appears from a comparison of t h e  magnitude of these cha rac t e r i s t i c s  
resu l t ing  from impact i n  a l l  t a r g e t  mater ia ls  t h a t  a r e l a t i v e  res i s tance  
t o  penetration, or hardness, sca le  can be established. From such a 
scale, t h e  surface hardness of a remote t a rge t ,  such as t h e  moon, may 
be described i n  terms of t h e  hardness of accessible  ear th  mater ia ls  by 
comparing t h e  accelerat ion t i m e  h i s t o r i e s  measured during impact of 
p ro jec t i l e s  on t h e  lunar  surface with those of i den t i ca l  p ro j ec t i l e s  
during the  impacts on known ear th  mater ia ls .  

The data  f o r  t h e  various impact cha rac t e r i s t i c s  a re  presented as 
a function of e i t h e r  t h e  impact ve loc i ty  o r  parameters composed of var i -  
ables  contained i n  avai lable  impact theor ies  o r  developed from empirical  
analyses of t h e  experimental f indings.  
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INTRODUCTION 

During t h e  past  half-century considerable e f f o r t  has been devoted 
t o  t h e  study of various aspects  of impact phenomena. 
have been conducted i n  t h e  f i e l d  of ordnance and b a l l i s t i c s ,  i n  machine- 
shop operations, and i n  many other  areas  where impulsive forces  are 
involved. Research i n  these areas, however, has been confined t o  t h e  
immediate needs of t h e  pa r t i cu la r  program. For example, i n  ordnance 
and b a l l i s t i c s ,  measurements have been made by numerous invest igators  

Impact s tudies  

( r e f s .  1 and 2, f o r  example) of t h e  penetrat ion depths of pro jec t i les ,  
bombs, and missi les  i n to  a var ie ty  of t a r g e t s  t o  evaluate t h e  corre- 1 
sponding impact damage mechanisms. 6 

7 
Advent of vehicles  capable of in te rp lane tary  t r a v e l  has posed 0 

L 

i n t e re s t ing  new impact problems requiring addi t iona l  research i n  t h e  
f i e l d .  One such problem i s  that  of evaluating t h e  c ra te r ing  and damage 
resu l t ing  from t h e  possible  impact of very high-velocity meteoric par- 
t i c l e s  with space vehicles.  Considerable research has been devoted t o  
t he  examination of t h i s  pa r t i cu la r  impact problem and publications dis- 
cussing the  r e s u l t s  a r e  avai lable .  For example, references 3,  4, and 5 
have included r e s u l t s  on t h e  high-speed impact (up t o  20,000 fps  i n  
some cases) of s m a l l  p ro j ec t i l e s  i n  metal t a r g e t s  and reference 6 has 
extended t h e  invest igat ions t o  include nonmetallic t a rge t s .  The r e s u l t s  
of these t e s t s  have been reported pr imari ly  i n  t h e  form of measured 
dimensions of t h e  c r a t e r  resu l t ing  from the  impact. 

4. 

Another new problem associated with space t r a v e l  i s  t h e  achievement 
of successful landings of vehicles on c e l e s t i a l  t a rge ts ,  spec i f i ca l ly  
t h e  moon. A successful landing of an i n t a c t  payload on t h e  lunar  sur- 
face requires t h a t  t h e  generated landing loads not exceed t h e  s t ruc tu ra l  
capab i l i t i e s  of t h e  vehicle and t h a t  t h e  vehicle remain on the  surface 
i n  a tenable posi t ion.  Both of these requirements necess i ta te  a knowl- 
edge of ce r t a in  bas ic  physical  propert ies  of t h e  surface mater ia l  which 
a r e  re f lec ted  i n  i t s  resis tance t o  penetration. However, such data per- 
ta in ing  t o  t h e  lunar  surface a r e  present ly  unknown and, as such, lunar- 
landing s tudies  t o  date  ( for  example, ref. 7), must be based upon a 
material having assumed surface charac te r i s t ics .  

This report  discusses t h e  r e s u l t s  of an inves t iga t ion  of t h e  re la -  
t i v e l y  low-velocity-impact cha rac t e r i s t i c s  of p r o j e c t i l e s  on various 
media t o  obtain possible  re la t ionships  between such cha rac t e r i s t i c s  and 
cer ta in  physical propert ies  of t h e  t a r g e t  material and t o  provide a 
background of bas ic  information f o r  use i n  t h e  design of lunar-landing 
s t ructures .  This invest igat ion u t i l i z e d  a technique which i s  capable 
of evaluating similar impact cha rac t e r i s t i c s  of remote surfaces, such 
as t h e  moon. The technique consisted of studying accelerat ion time p. 
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h i s t o r i e s  recorded 
s igni f icant  c r a t e r  

during t h e  impact 
charac te r i s t ics .  

process and, i n  addition, measuring 

SYMBOLS 

a 

D diameter of pro jec t i les ,  i n .  

acceleration, i n .  /see2 unless otherwise indicated 

diameter of b l a s t  crater ,  i n .  (see f i g .  28) Dc 

E 

F applied load o r  r e s i s t i ng  force, l b  

m 

P dynamic flow pressure, lb/sq in .  

modulus of e l a s t i c i t y ,  lb / sq  in .  

2 mass of p ro jec t i l e ,  lb-see / in .  

r radius  of crater at t a r g e t  surface, i n .  

t a r b i t r a r y  time, sec 

r i s e  time f o r  peak accelerat ion i n  accelerat ion time tl- 
his tory,  see  

tt t o t a l  t i m e  f o r  accelerat ion time his tory,  see 

impact ve loc i ty  of pro jec t i le ,  in . / sec  unless otherwise 
indicated 

vi 

r e s t i t u t i o n  ve loc i ty  of pro jec t i le ,  in .  /see 'r 

Y penetrat ion depth of p r o j e c t i l e  i n t o  t a r g e t  measured from 
t a r g e t  surface t o  p r o j e c t i l e  nose, i n .  

U maxhum r e l a t i v e  compression of bodies i n  col l is ion,  i n .  

cc2 sq in . / lb  
1 -  

6 =  
E3-t 

cc Poisson's r a t i o  

k constant 

a 



4 

Subscripts: 

A in i t ia l  peak accelerat ion i n  mult iple  peak accelerat ion 
time h i s to ry  

B second peak accelerat ion i n  multiple peak accelerat ion 
time h i  s to ry  

P p r o j e c t i l e  

t t a r g e t  

APPARATUS AND TEST PROCEDURF: 

R 

Impact s tud ies  were conducted over two ranges of t es t  velocity:  
5 t o  30 fps  (low-velocity impacts) and 190 t o  900 f p s  (high-velocity 
impacts). 
raqges of ve loc i ty  differed,  primarily because of t h e  d i c t a t e s  of t he  
t e s t  requirements. Whereas t h e  low-velocity-impact tes ts  permitted the  
use of t h e  grav i ty  drop pr inc ip le  t o  obtain t h e  desired impact veloc- 
i t ies ,  t h e  high-velocity t e s t s  necessi ta ted t h e  use of a mechanism t o  
propel t h e  p r o j e c t i l e  t o  t h e  desired ve loc i t i e s .  
ve loc i ty  t e s t s  were performed i n  t h e  laboratory under readi ly  controlled 
conditions and permitted t h e  use of a var ie ty  of p ro jec t i l e s ,  whereas 
the  high-velocity t e s t s  required f i e l d  operations and the  use of pro- 
j e c t i l e s  with su f f i c i en t  s t rength t o  withstand both the  propelling and 
penetrat ing forces .  Photographs and sketches of t he  various pro jec t i les ,  
component par t s ,  and t e s t i n g  apparatus a re  presented i n  f igures  1 t o  4. 

The apparatus and tes t  procedures employed i n  these two 

Most of  t h e  low- 

Low-Velocity Impact ( 5  t o  30 f p s )  

Description of prp_;lectiles and-ta-rgets. - The p ro jec t i l e s  used i n  
t h e  l o w - v e l o c i t v n s i s t e d  of f i v e  conf igurat ions constructed 
of cold ro l l ed  s t e e l  with hemispherical noses tempered t o  approximately 
42 on t h e  Rockwell C scale .  
given i n  f igu re  1 together  with a tabulat ion of t h e  m a s s  and diameter 
of each configuration. P ro jec t i l e s  having diameters of 1, 2, and 3 inches 
were studied a t  i den t i ca l  masses; however, t h e  2-inch-diameter p roJec t i l e  
w a s  equipped t o  receive addi t ional  weights so t h a t  configurations could 
be s tudied at th ree  m a s s  values: 

A photograph of these  configurations i s  

0.0025, 0.0104, and 0.0204 lb-sec2/in. 

Targets f o r  t h e  low-velocity-impact tests included deep concrete, 
cas t  lead, ba lsa  with a densi ty  of 7.1 lb/cu f t ,  sod with a high 
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, 

percentage of sand and having 
115 lb/cu f t ,  and dry No. 000 
mater ia ls  were se lec ted  i n  an 

an approximate surface densi ty  of 
sand. The concrete, lead, sod, and sand 
e f f o r t  t o  provide t a r g e t s  i n  each of the  

categories of impact types discussed i n  a subsequent sect ion of t he  
present paper. B a l s a  w a s  se lec ted  as a t a rge t  mater ia l  because it has 
appl icat ion i n  t h e  impact f i e l d  as an e n e r a  absorber. The ba lsa  t a r g e t  
w a s  a l ined so t h a t  t he  longi tudinal  axis of t he  p ro jec t i l e ,  upon impact, 
w a s  perpendicular t o  the  t a rge t  grain.  The t a rge t  thickness i n  a l l  cases 
w a s  a t  l e a s t  four  times as grea t  as t h e  m a x i m u m  measured penetrat ion i n  
t h a t  t a r g e t .  

Instrumentation.- Each p r o j e c t i l e  was equipped w i t h  a c rys t a l  accel-  
erometer which w a s  or iented along the  longi tudinal  axis of the  p r o j e c t i l e  
t o  sense t h e  accelerat ions incurred during the  impact process. 
f i g .  l ( a ) . )  Signals from the  accelerometer were routed through a cathode 
follower and a low pass f i l t e r  system (cut-off frequency of 5 kc) t o  a 
memoscope where they were recorded as a voltage-time t r a c e  on a ca l ibra ted  
display screen. Photographs were taken of t he  accelerometer t r aces  on 
the  display screen following impact, representat ive samples of which a re  
reproduced i n  f igu re  5 where the  voltage has been converted t o  accelera- 
t i o n  i n  g un i t s .  

(See 

Test p r o c e d E . -  The t e s t i n g  technique involved impacting each of 
the  f i v e  p r o j e c t i l e s  i n t o  the  f i v e  t a r g e t  mater ia ls  a t  ve loc i t i e s  of 5 ,  
10, 15, 20, and 30 fps  and recording the  measured impact cha rac t e r i s t i c s .  
The desired ve loc i ty  w a s  obtained by means of t he  gravity-drop pr inc ip le  
wherein t h e  p r o j e c t i l e  w a s  released a t  a height above the  t a rge t  corre- 
sponding t o  t h e  desired veloci ty .  Each t e s t  was performed a t  l e a s t  th ree  
times. The impact cha rac t e r i s t i c s  measured during and following the  t e s t s  
included t h e  accelerat ion time h i s t o r i e s  and, whenever possible,  the  
resu l t ing  penetrat ion depths and c r a t e r  dimensions. 

High-Velocity Impact (190 t o  900 f p s )  

Description of p r o j e c t i l e s  and t a rge t s . -  The p r o j e c t i l e s  used i n  
t he  high-velocity-impact s tud ies  were designed t o  withstand not only 
the  impact forces  but a l s o  the  forces  necessary t o  propel t h e  p r o j e c t i l e  
t o  t h e  desired impact veloci ty .  The bas ic  configuration consisted of a 
tempered s t e e l  casing, 3 inches i n  diameter and 8 inches long, which had 
t h i n  copper p l a t ing  on t h e  external  surfaces t o  avoid possible damage t o  
the  propelling mechanism. 
i n  f igu re  2 which a lso  shows the  various components t h a t  a r e  e i t h e r  
mounted within or screwed t o  t h e  p ro jec t i l e .  The accelerometers a r e  
mounted within a 2.3-inch-diameter hole which extended 6$ inches i n t o  

the  base of t h e  p r o j e c t i l e .  
notched re lease  b o l t ,  i s  screwed i n t o  the  base of t he  p r o j e c t i l e .  Pro- 
j e c t i l e s  having both hemispherical. nose shapes, as shown i n  figure 2, 

A photograph of such a p r o j e c t i l e  i s  presented 

The p r o j e c t i l e  cap, which receives t h e  
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and conical nose shapes with a 600 included angle were examined during 
these high-velocity t e s t s .  Variations i n  the  p r o j e c t i l e  mass, from 
approximately 0.023 t o  0.045 lb-sec*/in. were achieved by r ig id ly  
attaching addi t ional  masses t o  the  base of t he  p ro jec t i l e .  

I n  general, t he  t a r g e t  f o r  these high-velocity-impact t e s t s  was 
the  loca l  s o i l  which had approximately the  following character is t ics :  
a sod surface having a density of about 115 lb/cu f t  beneath which 
extended a 1-foot layer  of s i l t y  sand, a 3-foot layer  of sandy clay, 
a 3-foot layer  of clay sand followed by a considerable depth of s i l t y  
sand containing frequent she l l s .  The water t ab le  extended t o  within 
approximately 5 f e e t  of t h e  surface. 
conducted with l i g h t e r  p ro jec t i l e s  made of aluminum impacting l e s s  dense 
materials such as peat moss and dry portland cement. 

Several addi t ional  t e s t s  were 

Description --- of a i r  gun.- The air  gun pictured i n  f igure  3 and shown 
schematically i n  f igu re  4 w a s  used t o  propel t he  p ro jec t i l e s  t o  the 
desired impact ve loc i t ies .  The basic  element of t h i s  gun i s  a 6-inch- 
diameter pipe 20.55 f e e t  i n  length. The upper end of the  pipe serves 
a s  a pressure chamber and a 3-inch-diameter, 11.25-foot-long, smooth 
bore bar re l  is  i n s t a l l e d  i n  the  lower o r  muzzle end. With the  gun i n  
f i r i n g  position, the  b a r r e l  i s  held i n  place by means of the  flange a t  
t he  lower end of t he  gun and the  pro jec t i le ,  sealed by "0" rings, i s  
located i n  the  ba r re l  j u s t  below the  t r a n s i t i o n  section. 
equipped with a notched release bolt ,  i s  held i n  place, p r io r  t o  f i r i ng ,  
by the  support rod which extends the  en t i r e  length o f ' t h e  pressure cham- 
ber  a s  shown i n  t h e  sketch of f igure 4. 
simply one of bleeding compressed a i s  i n to  t h e  pressure chamber u n t i l  
the  force on the  rear  of the  p ro jec t i l e  exceeds the  ult imate strength 
of the  release b o l t  which has been notched t o  f a i l  a t  a desired loading. 

The pro jec t i le ,  

The operation of the gun i s  

The gun is  mounted on a t r ipod  as shown i n  f igure  3 and i s  equipped 
with l i f t i n g  lugs t o  permit the  use of ho i s t s  f o r  lowering it t o  a loading 
posit ion.  
block i s  removed from the  gun casing and the  support rod, w i t h  t he  remains 
of t h e  release b o l t  s t i l l  attached, i s  extracted completely from the  pres- 
sure chamber. A projec t i le ,  together with a new release bol t ,  i s  then 
screwed t o  the  support rod and, a f t e r  t he  necessary e l e c t r i c a l  connec- 
t ions,  i s  inser ted in to  the  pressure chamber and seated i n  the  bar re l .  
The breech block i s  then bolted t o  tkre gun casing and the  complete 
assembly raised in to  posi t ion f o r  f i r i n g .  

I n  the  i n i t i a l  s teps  of t he  reloading process, the breech 

Instrumentation.- The p ro jec t i l e s  of the  high-velocity-impact t e s t s  
were equipped with two accelerometers t o  sense the  accelerations incurred 
during the  impact process. 
r i g id ly  mounted within the  p ro jec t i l e  and oriented along the  longitudinal 
axis .  Acceleration time h i s to r i e s  of t he  impacts were obtained from the  
c rys t a l  accelerometer, shown i n  the  f igure  mounted on a counterbalance 
which was in s t a l l ed  t o  oppose the  weight of t he  copper-ball accelerometer. 

These accelerometers (shown i n  f i g .  2) were 

T 

P 
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The accelerometer s ignals  were routed within the  gun through a nylon- 
protected low-noise-level coaxial cable which extended from the  accel- 
erometer t o  a high-pressure f i t t i n g  i n  the  breech block. 
block the  s ignals  were routed through protected shielded cable t o  f i r s t  
a cathode follower and then t o  t h e  memoscope where they were recorded 
a s  voltage-time t r aces  on the  cal ibrated display screen. 
recorded t races  a re  presented i n  f igures  5(g)  and 5 (h )  where the  voltage 
has been converted t o  accelerat ion i n  g uni t s .  

From the  breech 

Samples of such 

I n  addition t o  the  c rys t a l  accelerometer which depended upon trouble- 
f r e e  c i r cu i t ry  f o r  success, each of the  p ro jec t i l e s  w a s  equipped w i t h  a 
copper-ball accelerometer. Copper-ball accelerometers a re  one of a vari-  
e ty  of peak reading, unidirectional,  self-contained, mechanical gages 
which, because of t h e i r  compactness and simplicity, have been used exten- 
s ively f o r  shock measurements. 
cussed f u l l y  i n  r e f .  8 )  i s  one of deforming a copper b a l l  when an accel- 
erat ion i s  applied t o  the  accelerometer housing. 
deformation of t he  b a l l  i s  then measured with micrometers and the  peak 
acceleration i s  deduced from a s t a t i c  cal ibrat ion curve of t he  copper 
ba l l .  

The pr inciple  of t h e i r  operation (d is -  

The permanent p l a s t i c  

The p ro jec t i l e  veloci ty  was measured by means of an electronic  
counter which recorded the time required f o r  the  p ro jec t i l e  t o  complete 
two e l e c t r i c a l  c i r c u i t s  separated a known distance along the  p ro jec t i l e  
path p r io r  t o  impact. Each of t he  two e l e c t r i c a l  c i r c u i t s  consisted of 
a p a i r  of wires mounted t o  a framework below the  a i r  gun muzzle as  shown 
i n  f igure 4. The e lec t ronic  counter was t r iggered by the  p ro jec t i l e  as  
it completed the  c i r c u i t  i n  t he  f i r s t  pa i r  of wires and stopped when the 
p ro jec t i l e  completed the  c i r c u i t  i n  the  second p a i r  of wires. 

Test procedure.- The t e s t ing  technique involved impacting the  t e s t  
p ro j ec t i l e s  i n to  l o c a l  s o i l  a t  ve loc i t ies  up t o  900 fps  by means of the 
a i r  gun and recording the  associated impact charac te r i s t ics .  The pro- 
j e c t i l e  veloci ty  w a s  controlled by the  dimensions of t he  notch i n  the  
release bo l t  which w a s  designed t o  f a i l  a t  a chamber pressure necessary 
t o  propel t he  p r o j e c t i l e  a t  a desired velocity.  The operation of t he  
a i r  gun i s  explained i n  the  section en t i t l ed  "Description of a i r  gun." 

Acceleration time h i s t o r i e s  recorded on the  memoscope were success- 
f u l l y  obtained during impacts from the  c rys t a l  accelerometers a t  pro- 
j e c t i l e  ve loc i t i e s  up t o  225 fps .  
technique preclhded t h e  use of c rys t a l  accelerometers a t  higher ve loc i t ies .  
Measurements of peak accelerations by the  copper-ball accelerometer, 
however, were obtained a t  a l l  impact ve loc i t ies .  I n  addition t o  the  
accelerat ion character is t ics ,  measurements were made of the  penetration 
depths of t h e  impacting p ro jec t i l e s .  

D i f f i cu l t i e s  with t h i s  t ra i l ing-wire  

4 
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PRESENTATION AND DISCUSSION OF RESULTS 
c 

General Discussion 

An analysis  of t h e  accelerat ion t i m e  h i s t o r i e s  ( o r  "signatures") 
recorded during t h e  impact of t h e  tes t  p r o j e c t i l e s  on various t a r g e t s  
together  with measurements of t h e  resu l t ing  c ra t e r s  permitted the  eval- 
uat ion of t he  impact charac te r i s t ics  of t h e  various pro jec t i le - ta rge t  
combinations. Reproduced samples of accelerat ion t i m e  h i s t o r i e s  recorded 
during t h e  impact of i n t a c t  p ro j ec t i l e s  on t h e  various nondestructive L 
t a r g e t  mater ia ls  invest igated i n  both t h e  low- and high-velocity s tud ies  1 
a r e  presented i n  f igure  5 .  6 
accelerat ion of t h e  p r o j e c t i l e  with t i m e  throughout t h e  impact process. 7 
The f igures  show t h a t  t h e  impact of t h e  t e s t  p r o j e c t i l e  on d i f f e ren t  0 

These h i s t o r i e s  cons t i tu te  t h e  var ia t ion  of 

t a r g e t  materials produces accelerat ion time h i s t o r i e s  t h a t  differ  s ign i f -  
i can t ly  according t o  t h e  impact type. 
j e c t i l e  on a t a rge t  may be c l a s s i f i ed  as a combination of one or more R 

of three  basic  types - e la s t i c ,  p las t ic ,  and penetrat ion - and, as shown 
i n  f igure  6, t h e  shape of t h e  signature i s  unique f o r  each type.  
accelerat ion and time scales  of t he  p lo t s  i n  t h i s  f i gu re  a r e  normalized: 
accelerat ion on t h e  bas i s  of t h e  m a x i m u m  accelerat ion encountered during 
impact and t h e  time with respect t o  t h e  t o t a l  pulse  time. 
regions of t h e  p r o j e c t i l e  and t a rge t  corresponding t o  t h e  d i f f e ren t  types 
a re  a l so  included i n  t h i s  f igure .  The s ignature  resu l t ing  from an elas-  
t i c  impact ( f i g .  6 (a ) )  may be divided i n t o  two time in te rva ls :  t h e  time 
of deformation during which t h e  p r o j e c t i l e  comes t o  r e s t  as t h e  accel-  
e ra t ion  increases t o  i t s  maximum value and as t h e  two bodies deform and 
t h e  time of r e s t i t u t i o n  during which t h e  motions of t h e  bodies a re  
reversed and they recover from t h e i r  respective deformation. The f igure  
shows tha t ,  i n  t he  case of per fec t ly  e l a s t i c  bodies, an ax is  of symmetry 
e x i s t s  about t h e  point of maximum deformation, thus, t h e  i n t e g r a l  under 
t h e  acceleration-time curve i s  equal t o  twice t h e  impact ve loc i ty  f o r  
per fec t ly  e l a s t i c  impacts. However, s ince pe r fec t ly  e l a s t i c  impacts a re  
never rea l ized  i n  pract ice ,  a more r e a l i s t i c  case, unsymmetric about t h e  
point of maxi" deformation owing t o  the  p a r t i a l  r e s t i t u t ion ,  i s  a l so  
shown. The impact of a s t e e l  p r o j e c t i l e  on concrete i n  t h e  t e s t s  reported 
herein t y p i f i e s  a p a r t i a l l y  e l a s t i c  type of impact, pa r t i cu la r ly  f o r  
impacts of l i g h t  p r o j e c t i l e s  at  low ve loc i t i e s  which r e s u l t  i n  l i t t l e  
or no permanent deformation of e i t h e r  t h e  p r o j e c t i l e  o r  t a rge t .  Fig- 
ure  ?(a) presents  a typ ica l  accelerat ion time h i s to ry  recorded during 
such an impact, and i t s  resemblence t o  t h e  e l a s t i c  case of f igure  6(a) 
i s  readi ly  apparent. 

I n  general, t h e  impact of a pro- 

The 
b 

The contact 

The r e s t i t u t i o n  increment of t h e  impact signature vanishes i n  t h e  
event of a completely p l a s t i c  impact as shown by f igu re  6(b) .  
under t h e  acceleration-time curve f o r  t h i s  type of impact i s  equal t o  
t h e  impact veloci ty .  This type of impact results i n  a permanent 

The a rea  
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deformation of e i t h e r  t h e  t a r g e t  o r  t h e  p r o j e c t i l e  o r  both as a r e s u l t  
of t h e  energy absorption capabi l i ty  of e i t h e r  o r  both bodies. 
e ra t ion  t i m e  h i s t o r i e s  recorded during t h e  impact t e s t s  on lead and 
ba lsa  t a r g e t s  (as shown i n  f i g s .  5(b) and 5(c ) )  appear t o  be analogous 
t o  t h e  r e a l i s t i c  p l a s t i c  impact signature defined i n  f igure  6(b) .  

Accel- 

The t h i r d  type of impact encompasses those cases wherein the  pro- 
j ec tk l e  passes through a por t ion  of t he  t a r g e t  mater ia l  t o  depths g rea t e r  
than t h e  radius of t h e  p r o j e c t i l e .  A representat ive signature f o r  t h i s  
type of impact ( ca l l ed  penetrat ion)  i s  given i n  f igure  6(c) .  The shape 
of t h i s  signature cons is t s  of a peak accelerat ion occurring almost immedi- 
a t e l y  upon impact, an i n t e r v a l  during which t h e  accelerat ion slowly 
decreases as penetrat ion takes  place, and a rapid decrease i n  accelera- 
t i o n  occurring a t  t h e  time of complete penetration. The accelerat ions 
of t h e  i n i t i a l  t i m e  i n t e r v a l  a r e  believed t o  be t h e  r e s u l t  of t h e  forces  
associated with t h e  t a r g e t  i n e r t i a  forces  and t h e  e l a s t i c  forces  associ- 
a ted with t h e  rapid compression of t he  t a rge t  mater ia l  j u s t  ahead of t he  
p a r t i a l l y  imbedded p r o j e c t i l e  which, upon expansion, forms the  c ra t e r  
associated with such mater ia ls .  The accelerat ions the rea f t e r  a r e  p r i -  
marily t h e  r e s u l t  of forces  exerted on t h e  body during t h e  penetration 
process - t h e  drag o r  f r i c t i o n  forces  on the  p r o j e c t i l e  caused by the  
shear and compressive forces  exerted on t h e  t a r g e t  mater ia l .  Typical 
time h i s t o r i e s  of t h e  accelerat ions resu l t ing  from t h i s  type of impact 
a r e  presented i n  f igures  'j(d) t o  5 (h )  f o r  impacts on sand, s o i l ,  and 
several  l aye r  t a rge t s .  The high-frequency component which appears i n  
the  signature recorded during impact on sand seems t o  be cha rac t e r i s t i c  
of impacts on granular mater ia ls  and which a r i ses ,  apparently, a s  a 
r e s u l t  of f r i c t i o n - l i k e  forces  inherent i n  such t a r g e t  mater ia ls .  Simi- 
l a r  high-frequency components are  present i n  the  impact signatures of 
sod (when penetrat ion depths were appreciable) and s o i l ,  which a r e  
apparently due t o  t h e  high granular content of these t a rge t s .  An addi- 
t i o n a l  charac te r i s t ic ,  noted i n  t h e  s ignatures  recorded during impact 
i n  loose materials,  i s  a double peak i n  t h e  accelerat ion shown t o  occur 
i n  sand ( f i g .  5 (e ) )  and i n  t h e  d r y  portland cement port ion of f igu re  5 ( f ) .  
I n  these cases, t h e  second accelerat ion peak i s  believed t o  be the  r e s u l t  
of a subs t an t i a l  increase i n  t h e  forces occurring during t h e  penetrat ion 
process which were found t o  be generally predominant for impacts i n  such 
mater ia ls .  Two addi t iona l  accelerat ion time h i s t o r i e s  of t h e  penetrat ion 
type are included i n  figure 5 t o  show t h e  r e s u l t s  of impact on t a r g e t s  
consisting of layers of two d i f f e ren t  mater ia ls .  The pulse shapes 
resulting from t h e  impact of a p r o j e c t i l e  onto a l aye r  of dry portland 
cement on s o i l  ( f i g .  5 ( f ) )  and onto a layer  of loose peat m o s s  on ba lsa  
( f ig .  5 (h) ) ,  are shown t o  i l lustrate  t h e  a b i l i t y  of t h e  acceleration- 
time-history technique t o  dis t inguish t h e  l aye r  cha rac t e r i s t i c s  of t a r g e t  
materials. J u s t  as i n  t h e  case of t h e  p l a s t i c  type of impacts, no r e s t i -  
t u t i o n  i s  associated with the  penetration type; hence, t h e  impact veloci ty  
i n  a l l  cases equals t h e  area under t h e  acceleration-time curve. 
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The shape of t h e  s ignatures  defines t h e  type of impact; however, 
a physical descr ip t ion  of these phenomena requires  a knowledge of t he  
accelerat ion and time sca les  such as given i n  f igu re  5. From a knowl- 
edge of these scales,  t h e  h p u l s i v e  forces, j e rk  charac te r l s t ics ,  and 
so f o r t h  can be r ead i ly  evaluated from t h e  impact s ignatures .  Because 
of t h e  la rge  number of impact t e s t s  conducted, it w a s  e s sen t i a l  t o  obtain 
a convenient method of summarizing t h e  data  t o  permit t h e  various impact 
s ignatures  t o  be readi ly  compared. 
convenient way t o  obtain t h i s  summary would be t o  consider the  magnitude 
of ce r t a in  cha rac t e r i s t i c s  of these  s ignatures .  The cha rac t e r i s t i c s  
chosen - t he  magnitude of t he  peak accelerat ion,  t he  time required t o  
reach t h a t  accelerat ion,  and t h e  t o t a l  duration of t he  pulse - have been 
evaluated from t h e  acce lera t ion  time h i s t o r i e s  obtained during the  impact 
of the  t e s t  p r o j e c t i l e s  on the  various t a r g e t s  considered. These charac- 
t e r i s t i c s ,  together  with t h e  measured r e su l t i ng  c r a t e r  dimensions, a r e  
presented as a function of t he  impact ve loc i ty  or parameters composed of 
var iables  contained i n  avai lable  impact t heo r i e s  or developed from an 
empirical analysis  of t h e  experimental data .  

Analysis of t h e  data showed t h a t  a 

L 
1 
6 
7 
0 

c 

Application of Available Theories 

Numerous l a w s  and theor ies  have been developed f o r  use i n  t h e  f i e l d  
of impact t o  study and t o  explain various f a c e t s  of t h e  subject .  An up- 
to-date and r a the r  complete bibliography i s  given i n  reference 9. Many 
such l a w s  have been considered nonapplicable i n  t h i s  study because of 
t h e i r  l imi ta t ions ,  boundary condition requirements, and/or cumbersome 
appl icat ions.  Those theor ies  or l a w s  which were considered applicable 
t o  the  reduction and ana lys i s  of t he  experimental data of t h i s  report ,  
however, a r e  referenced and discussed b r i e f l y  i n  t h e  sect ions t h a t  follow. 
I n  view of t he  differences which e x i s t  i n  the  th ree  general  types of 
impact, as presented i n  t h e  sect ion e n t i t l e d  "General Discussion, I' 
appropriate l a w s  t r e a t i n g  each of t h e  three  impact types a re  discussed 
i n  the  following sect ions.  

the  

E la s t i c  impacts.- The e l a s t i c  type of impact phenomena received a 
c l a s s i c  treatment by H. Hertz who derived what i s  now known as the  Hertz 
Law of Contact. This l a w  i s  developed i n  reference 9 which c i t e s  the  
o r ig ina l  t r e a t i s e  published i n  1881. I n  t h i s  development, a solut ion 
w a s  obtained i n  the  form of a po ten t i a l  which describes the  deformation 
and s t r e s ses  i n  a region immediate t o  t h e  contact point as a function of 
t h e  geometric and e l a s t i c  propert ies  of t he  impacting bodies. This solu- 
t ion ,  i n  a form su i t ab le  f o r  engineering use, y i e lds  an expression f o r  
t he  maximum force r e s i s t i n g  impact F i n  terms of t he  s t a t i c  compression 
i n  both t h e  p r o j e c t i l e  and the  t a r g e t .  This expression i s  

F = ka 3/2  
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where k i s  a constant defined by the  geometric and e l a s t i c  proper t ies  
of t h e  p r o j e c t i l e  and t a rge t ,  and a i s  t h e  maximum r e l a t i v e  compression 
of t he  bodies i n  co l l i s ion .  For the  case of a spherical  nose p r o j e c t i l e  
impacting onto a massive plane surface, k and a a re  given by the  
following expressions : 

From Newton's second l a w  of motion, t h e  peak accelerat ion associated 
with t h i s  force i s  given by 

a =  [- 
I n  addition, an expression f o r  t h e  duration of contact i n  terms of 

t he  geometric and e l a s t i c  propert ies  of t he  bodies i s  also obtainable 
from the  Hertz l a w .  This expression i s  

Hence, through a knowledge of t h e  geometric and e l a s t i c  proper t ies  
of two pe r fec t ly  e l a s t i c  bodies undergoing co l l i s ion ,  t he  primary impact 
cha rac t e r i s t i c s  can be readi ly  computed by means of t h e  Hertz l a w .  For 
t he  purposes of t h i s  paper, t h e  impact of t he  t e s t  p r o j e c t i l e s  on con- 
c re t e  t a r g e t s  approximated an e l a s t i c  type of co l l i s ion ;  therefore ,  t h e  
experimentally measured peak accelerat ions and t o t a l  pulse times a r e  
presented as a funct ion of parameters contained i n  equations ( 2 )  and (3 ) ,  
respect ively.  

P l a s t i c  impacts.- I n  view of t h e  r e s t r i c t e d  range of app l i cab i l i t y  
of t h e  Hertz l a w  t o  pe r fec t ly  e l a s t i c  bodies, some e f f o r t s  have been 
made t o  replace t h i s  l a w  by a r e l a t ion  applicable t o  p l a s t i c  contact 
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indentations. The r e l a t ion  which appears t o  be t h e  most sat isfactory,  
t h e  Meyer law,  also developed i n  reference 9 and more f u l l y  i n  refer-  
ence 10, describes t h e  indentation resu l t ing  from t h e  impact of unde- 
formable spherical  nose p ro jec t i l e s  onto s o f t e r  plane surfaces i n  terms 
of t h e  applied load o r  r e s i s t i ng  force The bas ic  assumption i s  
made t h a t  the  p ro jec t i l e  i s  res i s ted  by a flow pressure p i n  the  tar- 
get  which i s  constant over t he  surface area of contact. I n  t h i s  case 
the  relat ionship f o r  t he  force i s  

F. 

2 F = s c r p  (4) 

where r i s  the  radius of t he  c ra t e r  at the  t a rge t  surface.  From the  
geometry of t he  indentation ( f i g .  6 (b) )  

2 2 
r2  = (g) - ($ - y) 

2 = W - Y  ( 5 )  

where D i s  t h e  diameter of the pro jec t i le ,  and y i s  the  penetration 
depth of t he  p ro jec t i l e  i n to  the  ta rge t .  
indentations a re  small r e l a t ive  t o  the  p r o j e c t i l e  diameter, t he  rela-  
t ionship f o r  t he  r e s i s t i ng  force becomes 

With the  assumption t h a t  t he  

Application of t h i s  re la t ionship t o  the  equation of motion yields  

2 

d t2  
m d + + Q y = ~  (7) 

where m i s  the  mass of the  p ro jec t i l e .  The solut ion of t h i s  equation, 
i f  it i s  assumed t h a t  y = 0 at t = 0 o r  t h a t  time i s  measured f r o m  
the  point of impact, i s  given by 



where Vi i s  t h e  impact velocity, and t h e  maximum penetration 

y = v i p  
nDp 

occurs at  

(9) 

Upon subs t i tu t ion  of equation (9)  i n t o  equation ( 6 )  and with application 
of Newton's second l a w  of motion, t he  m a x i "  acceleration during the 
impact i s  simply 

a = 

Therefore, f o r  t h e  case of t he  impact of 
t i l e  on a plast ic- type t a rge t ,  t h e  Meyer 

a hard spherical  nose projec- 
l a w  permits t h e  calculation of 

t h e  max i "  penetration of t h e  p r o j e c t i l e  (eq, ( 9 ) )  and t h e  maximum accel- 
e ra t ion  (eq. (11)) i n  terms of t he  impact velocity,  t he  p r o j e c t i l e  s i z e  
and mass, and t h e  dynamic flow pressure i n  t h e  t a r g e t .  
a l so  permits t h e  calculat ion of t h e  time from the  in s t an t  of impact t o  
maximum accelerat ion by means of an expression (eq.  (10) )  
dependent on t h e  s i z e  and m a s s  of t he  p r o j e c t i l e  and t h e  dynamic flow 
pressure i n  t h e  t a r g e t  material. Since t h i s  expression f o r  r i s e  time 
i s  independent of impact velocity, it i s  not, i n  t h i s  respect, s i g n i f i -  
cantly unlike t h e  Hertz l a w  f o r  e l a s t i c  impacts where the  t o t a l  pulse 
time i s  inversely proportional t o  t h e  one-fifth power of t he  impact 
velocity.  

The Meyer l a w  

which i s  

The application of t h e  Meyer l a w  t o  p l a s t i c  impacts appears t o  be 
l imited t o  a range of penetration depths between approximately one-tenth 
and one-half t h e  diameter of t h e  p r o j e c t i l e  nose ( r e f .  10).  The impact 
of t h e  t e s t  p r o j e c t i l e s  on lead and ba lsa  t a r g e t s  appeared t o  s a t i s f y  
t h i s  l i m i t a t i o n  and t o  resemble p l a s t i c  type of impacts; therefore,  t h e  
penetration depths, peak accelerations,  and corresponding r i s e  t i m e s  
measured i n  these t e s t s  a r e  presented as a function of parameters con- 
sisting of var iables  contained i n  t h e  appropriate Meyer relationships.  
Except f o r  t h e  higher ve loc i t i e s ,  t h e  impact of t h e  t e s t  p r o j e c t i l e s  on 
sod t a r g e t s  yielded penetration depths which, i n  general, were within 
t h e  depth l imi ta t ions  imposed by t h e  Meyer l a w  and yielded signatures 
which suggested p l a s t i c  impacts. 
signatures f o r  t h i s  material  became more ind ica t ive  of penetration-type 

( A t  t h e  hfgher v e l o c i t i e s  t h e  impact 
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impacts.) 
impacts on sod a r e  a l so  presented as a m c t i o n  of t h e  parameters taken 
from equations ( g ) ,  (lo), and (11). 

Therefore, t he  experimentally measured charac te r i s t ics  of 

Penetration impacts.- A great  deal  of experimental data has been 
col lected over t h e  years i n  an e f fo r t  t o  explain the  complicated mech- 
a n i s m  of penetration. 
marily of empirical re la t ionships  based upon a var ie ty  of experimental 
observations. For example, references 9, 11, 12, and 13 arrived at  
empirical expressions f o r  penetration depths of assorted p ro jec t i l e s  
i n t o  a wide var ie ty  of t a rge t s  which have included such facto- a s  pro- 
j e c t i l e  and t a rge t  densi t ies ,  sound speeds i n  both t a rge t  and pro jec t i le ,  
and the  drag coeff ic ients  during penetration. However, a l l  of these 
experimental observations give but a l imited p ic ture  of the  penetration 
process, va l id  f o r  cer ta in  ranges of veloci t ies ,  spec i f ic  materials, and 
impact geometries. As  such, it has not been possible t o  adequately 
describe t h e  charac te r i s t ics  of penetration-type impacts. 

The present s t a t e  of t he  knowledge consists p r i -  

It w a s  f e l t  i n  t h i s  study t h a t  i n  order t o  understand the  charac- 
t e r i s t i c s  of t he  impact of hard undeformable p ro jec t i l e s  onto penetrable 
ta rge ts ,  such as soil and sand, the  e f f ec t s  of several  variables should 
f irst  be studied. Tests were therefore  conducted t o  evaluate the  e f f ec t s  
of impact veloci ty  and the  mass and diameter of t he  p ro jec t i l e  on the  
resu l t ing  impact charac te r i s t ics .  From these t e s t s ,  empirical expres- 
sions were formulated f o r  each t a rge t  mater ia l  which r e l a t e  the  peak 
accelerat ion and,penetrat ion depth t o  these parameters. It should be 
pointed out t h a t  these expressions a re  subject t o  change when applied t o  
other  t a rge t s  because of possible differences i n  the  properties of the  
t a rge t s  such as  t h e i r  composition, density, compactness, and so for th .  

Low-Velocity Impact ( 3  t o  30 f p s )  

Concrete.- The r e s u l t s  of the  experimental low-velocity-impact t e s t s  
of t he  p ro jec t i l e s  on deep concrete t a rge t s  a r e  presented i n  f igures  7 
t o  10. I n  f igure  7 t h e  peak accelerations a re  presented a s  a function 
of a parameter composed of t h e  var iables  contained i n  t h e  Hertz expres- 
s ion f o r  the  peak accelerations of per fec t ly  e l a s t i c  impacts. 
r e t i c a l  Hertz expression (eq. ( 2 ) )  i s  a l so  p lo t ted  i n  t h i s  f igure f o r  
two combinations of p and E f o r  concrete: t he  average values as  
noted i n  reference 14 and values which were found t o  best  f i t  the experi- 
mental data. The f igure  shows t h a t  t he  t rend  of var ia t ion  of the  experi- 
mental peak accelerations with the  t e s t  var iables  (Vi, m, and 
with t h a t  predicted by t he  Hertz l a w ,  but t h a t  t h e  experimental peak 
accelerat ions a re  approximately 30 percent l e s s  than the  accelerations 
predicted by t h e  Hertz l a w  with t h e  use of average avai lable  values 
of E and p f o r  t h e  ta rge t .  Deviations of t he  experimental data f o r  

The theo- 
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t he  heavier p ro jec t i l e s  from the  trends predicted by t h e  theory are 
a t t r ibu ted  t o  a reduction i n  the  measured peak accelerations resu l t ing  
from l o c a l  pulverization t h a t  occurs during impact of these p ro jec t i l e s  
on t h e  concrete t a rge t s .  (Accelerations predicted by Hertz a re  charac- 
t e r i zed  by a complete recovery of any deformation following the  impact.) 

I n  addition t o  the  peak acceleration, charac te r i s t ic  times were 
a lso measured from t h e  accelerat ion time h i s to r i e s  recorded during the  
impact of t he  t e s t  p ro j ec t i l e s  on concrete t a rge t s .  The t o t a l  pulse 
times of t he  various p ro jec t i l e s  a re  averaged at  each impact veloci ty  
and p lo t ted  as a function of a parameter composed of t he  variables i n  
the  corresponding theo re t i ca l  expression f o r  e l a s t i c  impacts (eq. ( 3 ) )  
i n  f igure 8. This f igure  shows t h a t  the  experimental t o t a l  pulse times 
a re  essent ia l ly  independent of p ro jec t i l e  diameter, a re  increased with 
increasing p r o j e c t i l e  m a s s ,  and appear t o  decrease s l i g h t l y  with increasing 
impact veloci ty  over the  range of these t e s t s .  
duration of contact, as predicted by the Hertz law i s  a l so  included i n  
t h i s  f igure  and, using average E and p properties of the  ta rge t ,  
appears t o  be applicable f o r  t he  case of t he  l i g h t  pro jec t i les ,  but pre- 
d i c t s  t o t a l  pulse times t h a t  a r e  somewhat l e s s  than those measured experi- 
mentally f o r  t he  heavier pro jec t i les .  However, appl icat ion of t he  E 
and p values which su i ted  the  expression f o r  the  peak accelerations 
permits the  theo re t i ca l  expression t o  predict  more closely the  t o t a l  
pulse times of t he  heavier p ro jec t i l e s .  

The t o t a l  pulse time, o r  

N o  expression f o r  t he  r i s e  time, o r  time t o  reach peak acceleration, 
i s  given by the  Hertz l a w ;  however, from the  basic  assumption of per fec t ly  
e l a s t i c  impacts, which r e su l t  i n  symmetrical accelerat ion time h is tor ies ,  
t he  theo re t i ca l  r i s e  time i s  simply one-half the  t o t a l  pulse time. The 
experimentally measured r i s e  times were averaged f o r  t he  d i f fe ren t  pro- 
j e c t i l e s  a t  each of t he  t e s t  ve loc i t ies  and divided by the  corresponding 
averaged t o t a l  pulse times. This relationship,  presented i n  f igure  9 as 
a f'unction of impact velocity,  indicates  t h a t  t he  l i g h t e r  p ro jec t i l e s  
show r i s e  times which a re  approximately one-half t he  t o t a l  time which 
agrees favorably with the  Hertz l a w  and is  indicat ive of an e l a s t i c  impact. 
(See f i g .  6(a) . )  
1/2 which v e r i f l e s  the  experimental observations t h a t  conditions were not 
commensurate with purely e l a s t i c  type impacts. 

The p ro jec t i l e s  of higher mass show ra t io s  less than 

Further evidence i l l u s t r a t i n g  t h a t  the  heavier p ro jec t i l e s  do not 
exhibit  t he  purely e l a s t i c  charac te r i s t ics  of t he  l i g h t e r  p ro jec t i l e s  
impacting concrete t a rge t s  is afforded by the  r e s t i t u t i o n  ve loc i t ies  of 
f igure  10. These ve loc i t i e s  (averaged f o r  t he  d i f f e ren t  p ro jec t i l e s  at  
each impact veloci ty)  w e r e  obtained by subtracting the  known impact 
ve loc i t i e s  from the  values determined from an in tegra t ion  of t he  accel- 
e ra t ion  time h i s t o r i e s  recorded during impact. 
represent t he  r e s t i t u t i o n  veloci t ies ,  a r e  presented i n  the  f igure  as a 

These differences, which 
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r a t i o  t o  t h e  corresponding impact veloci ty .  The data  show t h a t  t he  
impact of t h e  heavier p r o j e c t i l e s  results i n  r e s t i t u t i o n  ve loc i t i e s  
which are about 31 percent of t h e  corresponding impact ve loc i t i e s  over 
t h e  ve loc i ty  t e s t  range. 
showed r e s t i t u t i o n  ve loc i t i e s  as high as 48 percent of t h e  impact veloc- 
i t i es .  This difference i n  r e s t i t u t i o n  i s  ind ica t ive  of t h e  energy 
absorbed i n  pulverizing t h e  t a r g e t  during t h e  impact of t he  heavy pro- 
j e c t i l e s .  It i s  a l s o  apparent from t h e  t rends  of t h e  r e s t i t u t i o n  veloc- 
i t i e s  i n  t h e  f igure  t h a t  t h e  two smaller l ight p r o j e c t i l e s  pulverize t h e  
t a r g e t  a t  t h e  higher impact tes t  ve loc i t i e s .  

On t h e  other  hand, t h e  l i g h t e r  p ro jec t i l e s  

- Lead.- The impact charac te r i s t ics  of t h e  t e s t  p ro j ec t i l e s -  on lead 
t a r g e t s  are presented and compared, when possible, with avai lable  theory 
i n  f igures  11 t o  14. The peak accelerat ions and cha rac t e r i s t i c  times, 
both obtained from accelerat ion t i m e  h i s t o r i e s  recorded during impact, 
a r e  given i n  f igures  11 t o  13 and penetrat ion depths a re  presented i n  
figure 14. 

The impact of t h e  t e s t  p ro j ec t i l e s  on l ead  t a r g e t s  develop shallow 
permanent deformations i n  t h e  t a r g e t  accompanied by a minimum of e las-  
t i c  e f f ec t s  ( r e s t i t u t i o n )  which suggests plast ic- type impacts and t h e  
app l i cab i l i t y  of t h e  Meyer law. Therefore, t h e  experimental peak accel- 

e ra t ions  a re  presented as a function of t h e  parameter 
from t h e  Meyer expression f o r  peak accelerat ion i n  p l a s t i c  impacts 
(eq. (11)). Since the  data, when p lo t ted  on t h i s  basis,  may be repre- 
sented by one curve ( f i g .  ll), a unique re la t ionship  e x i s t s  between t h e  
peak accelerat ions and t h i s  parameter. The f igure  shows t h a t  t he  peak 
accelerat ion var ies  d i r e c t l y  with t h i s  parameter and t h e  Meyer expres- 
sion, based upon a dynamic flow pressure of 13,000 lb/sq in. ,  p red ic t s  
t h e  maximum accelerat ions encountered during t h e  low-velocity-impact 
t e s t s  of t he  p ro jec t i l e s  on lead t a rge t s .  This value of dynamic flow 
pressure i s  i n  good agreement with t h a t  obtained experimentally i n  ref-  
erence 15 at  impact ve loc i t i e s  up t o  2 f e e t  per  second. However, i n  
applying t h e  Meyer l a w  t o  other  charac te r i s t ics  measured during impact 
on lead ta rge ts ,  a dynamic flow pressure of 21,000 lb/sq in .  appeared 
t o  best  f i t  t h e  experimental data; therefore,  f o r  t h e  sake of complete- 
ness t h e  theo re t i ca l  peak accelerat ion based upon t h i s  dynamic flow 
pressure i s  also included i n  figure 11. 

V i d D / m  obtained 

The experimental r i s e  times obtained from t h e  s ignatures  recorded 
during impact of t h e  p ro jec t i l e s  on lead t a r g e t s  a r e  averaged a t  each 
impact ve loc i ty  and presented i n  f igure 12  as a function of a parameter 
composed of t h e  var iables  i n  t h e  corresponding theo re t i ca l  expression 
f o r  p l a s t i c  impacts (eq. (10) ) . I n  addition, t h e  theo re t i ca l  expression 
f o r  r i s e  times, based upon a dynamic flow pressure of 21,000 lb/sq in. ,  
i s  a l so  included i n  t h i s  figure. The figure shows t h a t  t h e  experimental 
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r ise  times f o r  t h e  heavier p ro jec t i l e s  are independent of t h e  impact 
velocity,  as suggested by t h e  theory, and agree with t h e  times predicted 
by t h e  theory. The experimental rise t i m e s  f o r  t h e  l i g h t e r  pro jec t i les ,  
however, d i f f e r  s l i g h t l y  from t h e  theory. I n  these  cases t h e  theory 
predic t s  r i s e  times t h a t  are somewhat higher than those obtained experi- 
mentally. I n  addition, t h e  experimental t i m e s  tend t o  decrease with 
increasing impact ve loc i ty  i n  a manner similar t o  t h a t  predicted by t h e  
Hertz l a w  which suggests possible  e l a s t i c  e f f ec t s .  Figure 13 shows t h e  
e f f ec t  of p r o j e c t i l e  diameter and p r o j e c t i l e  mass on t h e  r a t i o  of t h e  
r i s e  time t o  t o t a l  pulse time measured experimentally during t h e  impacts 
on lead  t a rge t s .  The da ta  points  on t h i s  figure represent t he  r a t i o  of 
t h e  average t i m e s  measured a t  each tes t  ve loc i ty  f o r  t h e  d i f f e ren t  pro- 
j e c t i l e s .  The f igure  shows t h a t  t h i s  r a t i o  i s  decreased with increasing 
p r o j e c t i l e  diameter and, f o r  t h e  l i g h t e r  pro jec t i les ,  i s  decreased with 
increasing t e s t  veloci ty .  The e f f ec t  of p r o j e c t i l e  mass appears insig-  
n i f i can t .  This f igure  ind ica tes  t h a t  t h e  impact of t h e  t e s t  p ro j ec t i l e s  
on lead t a r g e t s  i s  of t h e  p l a s t i c  type (with possibly some e l a s t i c  e f f ec t s  
included) s ince t h e  average r a t i o  of r i s e  time t o  t o t a l  pulse time i s  
approximately 6/10, a f igu re  compatible with such impacts. 
f i g .  6 ( b ) . )  

(See 

A s  previously s ta ted,  t h e  Meyer l a w  a l so  gives an expression f o r  
determining penetrat ion depths resu l t ing  from plast ic- type impacts. 
This expression (eq. ( 9 ) )  i s  presented i n  f igu re  14 f o r  purposes of 
comparison with the  experimentally measured depths. I n  t h i s  f igure  t h e  
penetration depth i s  p lo t t ed  as a function of a parameter consisting of 
t h e  t e s t  var iables  as contained i n  t h e  theo re t i ca l  expression. The f i g -  
ure  shows t h a t  t he  theory, based upon a dynamic flow pressure of 
21,000 lb/sq in . ,  compares w e l l  with t h e  experimental data .  

Balsa.- The impact of t h e  p ro jec t i l e s  on ba lsa  t a r g e t s  i s  not 
s t r i c t l y  p l a s t i c  i n  nature because of t h e  e l a s t i c i t y  inherent i n  these 
t a r g e t s  when the  ba lsa  f i b e r s  a r e  not sheared by t h e  p ro jec t i l e s .  The 
appl icat ion of t h e  Meyer l a w  f o r  p l a s t i c  impacts on these t a r g e t s  i s  
complicated by t h i s  f ac t ,  pa r t i cu la r ly  a t  l o w  impact ve loc i t i e s  where 
t h e  ba lsa  f i b e r s  appear t o  remain in t ac t .  On t h e  o ther  hand, t h e  appli-  
cat ion of t h e  Hertz l a w  f o r  e l a s t i c  impacts i s  inva l id  s ince a permanent 
deformation e x i s t s  following t h e  impact of p r o j e c t i l e s  a t  a l l  ve loc i t i e s .  
Nevertheless, s ince it seemed t o  be the  most appropriate method ava i l -  
able f o r  analyzing t h e  impact charac te r i s t ics  of t h e  t e s t  p ro j ec t i l e s  
on ba lsa  ta rge ts ,  t h e  Meyer l a w  w a s  used whenever possible and compared 
with t h e  r e s u l t s  of t h e  experimental low-velocity-impact t e s t s  i n  f i g -  
ures 15 t o  19. I n  o ther  cases, notably f o r  penetrat ion depths, empiri- 
c a l  r e l a t ions  are given. 

The e l a s t i c  propert ies  of ba lsa  are i l l u s t r a t e d  i n  f igure  15 where 
t h e  average r e s t i t u t i o n  ve loc i ty  f o r  each p r o j e c t i l e  i s  divided by t h e  
corresponding impact ve loc i ty  and p lo t t ed  as a function of t h a t  impact 
veloci ty .  This f igure  shows t h a t  t he  r e s t i t u t i o n  ve loc i t i e s  are 
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insens i t ive  t o  changes i n  the  p ro jec t i l e  mass but decrease with both 
increasing impact veloci ty  and decreasing p r o j e c t i l e  diameter. Such 
evidence of e l a s t i c i t y  i n  the  t a rge t  indicates  t h a t  t he  measured pene- 
t r a t i o n  depths of these p ro jec t i l e s  would be somewhat l e s s  than the  
maxi” penetrations ac tua l ly  a t ta ined during impact and suggests t h a t  
t h e  Meyer expression f o r  penetrations i s  not adequate. 

An empirical analysis of t he  experimental penetration depths 
resu l t ing  from impact on balsa t a rge t s  indicates  t ha t  t h e  expression 

m 314 
y = 0.12vi - 

D2 

describes t h e  penetration depths i n  terms of t he  t e s t  variables.  This 
expression w a s  obtained from the  curve t h a t  bes t  f i t s  the  experimental 
data of f igure  16 where the  penetration depths a re  p lo t ted  as a function 

of Vi -. Since t h i s  expression i s  s igni f icant ly  d i f fe ren t  from t h a t  

given by the  Meyer l a w  where 

m 314 

D2 

it i s  evident t h a t  t he  Meyer l a w  i s  incapable of predicting the  pene- 
t r a t i o n  depths i n  ba lsa  ta rge ts .  

The experimental peak accelerations, presented i n  f igure  17 as a 
function of t he  t e s t  variables as contained i n  the  Meyer expression 
f o r  peak acceleration, show f a i r  agreement with the  Meyer law when a 
constant flow pressure of 180 lb/sq in .  i s  assumed f o r  balsa.  
from the  data  as presented i n  the  f igure t h a t  t h e  Meyer l a w  predicts  
t he  var ia t ions of peak acceleration with respect t o  impact veloci ty  but 
s l i g h t  deviations e x i s t  f o r  var ia t ions with respect t o  p ro jec t i l e  m a s s  
and diameter. 

It appears 

The experimental r i s e  times measured f o r  t he  d i f f e ren t  p ro jec t i l e s  
impacting balsa  t a rge t s  were averaged a t  each impact veloci ty  and a r e  
presented i n  f igure  18 as a function of a parameter obtained from t h e  
corresponding theo re t i ca l  expression f o r  p l a s t i c  impacts as  given by 
equation (10). This equation, resul t ing from the  Meyer l a w ,  i s  also 
p lo t ted  i n  the  f igure  f o r  a dynamic flow pressure of 435 lb/sq in .  which 
appears t o  best  f i t  t he  experimental test data.  
the  var ia t ion  of the  measured r i s e  times with p r o j e c t i l e  mass and diam- 
e t e r  agrees with t h a t  predicted by the  Meyer l a w ,  and the  magnitudes of 

The f igure  shows t h a t  

. 
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t h e  experimental rise times are i n  accord with t h e  theo re t i ca l  t i m e s  
based upon t h i s  value of dynamic flow pressure.  Although t h e  theory 
states t h a t  t h e  r ise times are independent of impact ve loc i ty  i n  t h i s  
ta rge t ,  t h e  experimental r i s e  times, as shown by t h e  data, appear i n  
general  t o  decrease s l i g h t l y  with increasing impact veloci ty .  

The r a t i o s  of t h e  measured r i s e  times t o  the  measured t o t a l  pulse 
times (given i n  f i g .  19 f o r  impacts on ba lsa)  do not appear t o  be indic- 
a t ive  of plast ic- type impacts, 
0.5, are inconsis tent  with values expected from such impacts. (See 
f i g .  6 (b ) . )  
a typ ica l  accelerat ion time h i s to ry  recorded during impact i n  ba lsa  
such as given i n  f igu re  5 ( c ) .  
t i o n  of t h e  r e s t i t u t i o n  period i s  typ ica l  of p l a s t i c  impacts but t he  
f i n a l  port ion d i f f e r s  i n  t h a t  it consis ts  of a long low accelerat ion 
period r a the r  than immediately returning t o  zero accelerat ion.  This 
f i n a l  port ion of t h e  r e s t i t u t i o n  period i s  necessar i ly  included i n  the  
measured t o t a l  pulse times and i s  re f lec ted  i n  the  correspondingly s m a l l  
time r a t i o s  of f igu re  19. 

Values of t h i s  ra t io ,  between 0.4 and 

This inconsistency can be explained by an examination of 

This f igure  shows t h a t  t h e  i n i t i a l  por- 

I Sod.- A s  previously s ta ted,  t h e  low-velocity impacts of t h e  tes t  
p r o j e c t i l e s  on sod t a r g e t s  were generally p l a s t i c  i n  nature; therefore,  
t h e  experimentally measured impact charac te r i s t ics  a re  presented, when 
possible, as a funct ion of t h e  parameters taken from appropriate Meyer 
l a w  expressions. These charac te r i s t ics  of sod a r e  presented i n  fig- 
ures  20 t o  23 and a r e  compared with the  ava i lab le  corresponding Meyer 
expressions as given i n  equations (ll), (9), and (10) .  A s  i n  t he  case 
of impacts on t h e  o ther  bas i ca l ly  plasti 'c  t a rge ts ,  lead and balsa, t he  
var ia t ion  of peak accelerat ion and average r i s e  time w i t h  t he  t e s t  
var iables  agrees w i t h  those predicted by t h e  Meyer l a w .  
w a s  t h e  case f o r  lead  and balsa,  t h e  dynamic flow pressure necessary 
t o  best  f i t  these data  by means of t h e  appropriate Meyer law expression 
d i f f e r s  f o r  t h e  two impact charac te r i s t ics .  Whereas a dynamic flow 
pressure of 37 lb/sq in .  permitted the  Meyer l a w  t o  predict  t he  magni- 
tude of t h e  peak accelerat ion ( f i g .  20), a pressure of 130 lb/sq i n .  i n  
t h e  expression f o r  r ise time appears t o  bes t  predict  t h a t  cha rac t e r i s t i c  
( f i g .  21). The rise times f o r  t h e  heavier p r o j e c t i l e s  a re  somewhat l e s s  
than those predicted, on t h e  bas i s  of t h i s  dynamic pressure, by t h e  
Meyer expression which suggests t h a t  e i t h e r  t h e  dynamic flow pressure 
of sod should be even g rea t e r  than l 3 O  lb/sq in .  or t h a t  t h e  impacts 
f o r  these p r o j e c t i l e s  are not completely p l a s t i c  i n  nature.  It w a s  
observed from t h e  accelerat ion t i m e  h i s t o r i e s  of these heavier projec- 
t i l e s  t h a t  t h e  impacts, pa r t i cu la r ly  f o r  t h e  high-velocity cases, w e r e  
de f in i t e ly  of t h e  penetrat ion type. 

Furthermore, as 

- 
The r a t i o s  of t h e  measured r i s e  times t o  t h e  measured t o t a l  pulse 

times as given i n  f igu re  22 suggest t h a t  none of t h e  p r o j e c t i l e  impacts 
were t r u l y  p l a s t i c  because of t h e  low values of t h i s  r a t i o  (0.35 t o  0.45). 



20 . 
These low values, however, were pr imari ly  t h e  result of t h e  t o t a l  pulse 
t i m e s  which, as i n  t h e  case of balsa, consisted of r e s t i t u t i o n  regions 
(see t h e  impact s ignature  of f i g .  5 ( d ) )  which w e r e  characterized by a 
long low accelerat ion period r a the r  than a rap id  decrease t o  zero accel- 
e ra t ion  which normally defines t h e  r e s t i t u t i o n  region i n  p l a s t i c  types 

.- of impact. 

The Meyer expression f o r  penetrat ion depths (eq. ( 9 ) )  i s  compared 
i n  f igure  23 with the  experimental measurements of t h i s  cha rac t e r i s t i c  
resulting from impacts i n  sod t a rge t s .  The figure shows t h a t  t he  experi- 

Fluctuations i n  the  
mental data  a r e  i n  f a i r  agreement with t h e  theory when a constant flow 
pressure of l3O lb/sq in .  i s  assumed f o r  sod. 
experimental data  are a t t r i bu ted  t o  l o c a l  differences' i n  t h e  sod t a rge t s .  

L 
1 
6 
7 

Sand.- The accelerat ions measured from t h e  mult iple  peak accelerar 0 - 
t i o n  time h i s t o r i e s  recorded during t h e  impact of t h e  p ro jec t i l e s  i n  
loose N o .  000 sand a r e  p lo t t ed  i n  f igure  24. 
ure  a re  t h e  empirical expressions derived from t h e  experimental data.  
These expressions: 

Also included i n  t h i s  f i g -  

513 513 
-3 D v i  aA = 1.24 x 10 

m 

and 

r e l a t e  t h e  peak accelerat ions t o  t h e  impact ve loc i ty  and t h e  s ign i f icant  
p r o j e c t i l e  parameters. The f igu re  shows t h a t  t h e  empirical expressions 
appear t o  describe s a t i s f a c t o r i l y  these peak accelerat ions.  It w a s  
observed t h a t  within t h e  ve loc i ty  range of these tests, t h e  second peak 
accelerat ion w a s  always t h e  g rea t e r  except f o r  t h e  l i g h t e r  p ro jec t i l e s  
impacting a t  the  highest  t es t  veloci ty .  

and 
r, A 

The times required t o  reach these accelerat ion peaks t 

t r , B  
t h e  t o t a l  pulse times i n  f igure  26. 
tude of t he  high-frequency components, re fe r red  t o  earlier, rendered 
t h e  desired t i m e  charac te r i s t ics  doubtful, these  data were not included 
i n  these figures. 

a re  averaged a t  each impact ve loc i ty  i n  f igure  25 and divided by 
Because, i n  some cases t h e  magni- 

- 
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c Penetration depths of t h e  p ro jec t i l e s  impacting sand are presented 
i n  figure 27 and are shown t o  be described by t h e  empirical  expression, 

1/2vi213 

D y = 2.6 

The impact of t h e  p ro jec t i l e s  on sand afforded an addi t ional  impact 
14 

w This charac te r i s t ic ,  t h e  diameter of t h e  resu l t ing  b l a s t  crater ,  i s  

cha rac t e r i s t i c  which, because of i t s  possible appl icat ion i n  t h e  design 
of vehicles  intended t o  impact such media, i s  f e l t  t o  be of s ignif icance.  

divided by t h e  p r o j e c t i l e  diameter and presented as a function of impact 
ve loc i ty  i n  f igu re  28. 
independent of t h e  p r o j e c t i l e  m a s s ,  but i s  increased with increasing 
impact ve loc i ty  and decreasing p ro jec t i l e  diameter. 

B 
1 

g 
a 

J The data  of t h i s  f igure  show t h a t  t h i s  r a t i o  i s  

High-Velocity Impact (190 t o  900 f p s )  

I n  an e f f o r t  t o  es tab l i sh  techniques which would permit t h e  evalu- 
a t ion  of t h e  impact charac te r i s t ics  over an extended velpci ty  range, 
high-velocity t e s t s  w e r e  conducted with 3-inch-diameter p ro jec t i l e s  a t  
ve loc i t i e s  up t o  900 fps .  The high ve loc i t i e s  of t h e  p ro jec t i l e s  were 
obtained by means of t h e  air  gun shown i n  f igures  3 and 4. 
of these t e s t s ,  two p r o j e c t i l e  parameters - m a s s  and nose shape - were 
examined t o  determine t h e i r  e f f ec t  on the  resu l t ing  impact charac te r i s t ics .  

I n  t h e  course 

i 

c 

Acceleration time h i s t o r i e s  were obtained i n  these tests a t  impact 
ve loc i t i e s  up t o  225 fps  ( f i g .  5 ( g ) )  by means of t r a i l i n g  w i r e  c i r cu i t ry .  
Peak accelerations,  however, were obtained a t  a l l  ve loc i t i e s  by means 
of copper-ball accelerometers which were a l so  mounted within t h e  pro- 
j e c t i l e s .  The peak accelerat ions measured during these high-velocity- 
impact t e s t s  a r e  presented i n  f igure  29 and compared with an empirical 
expression derived from an analysis  of t h e  experimental data.  This 
expression 

V 3 / 2  
-2 i a = 6.18 x 10 - -m 

appears t o  adequately describe the  peak accelerat ions measured during 
impact i n  so i l ,  i r respec t ive  of t h e  two,nose configurations examined. 

The measured penetrat ion depths resu l t ing  from high-velocity impact 
of p ro jec t i l e s  having d i f f e ren t  mass and nose configurations i n  s o i l  
are presented i n  figure 30 as a function of an experimentally obtained 
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empirical expression f o r  the  depths. 
expression 

The f igure  shows t h a t  t h i s  

describes the  penetration depths and indicates  t h a t  t h e  penetrations 
are  independent of the  nose configurations examined. 

L 
Application of Results 1 

6 
The charac te r i s t ics  of t he  acceleration time h i s t o r i e s  include the 7 

magnitude of t h e  peak acceleration, the  time required t o  reach t h a t  0 
acceleration, t h e  t o t a l  duration of the  pulse, and the  pulse shapes 
which a re  associated with the  nature of t he  p ro jec t i l e  and the  ta rge t .  
These charac te r i s t ics  have been evaluated from the  acceleration time 
h i s to r i e s  obtained during the  low-velocity-impact t e s t s  of a var ie ty  of 
p ro j ec t i l e s  onto several  d i f fe ren t  ta rge ts .  I n  addition, theore t ica l  c 

and empirical expressions a re  avai lable  which r e l a t e  these characteris-  
t i c s  t o  properties of t h e  p ro jec t i l e  and the  t a rge t .  
expressions a re  only applicable t o  a given ta rge t  mater ia l  and a more 
general expression f o r  these character is t ics ,  accommodating all t he  t a r -  
ge t  materials, would be useful  i n  defining the  charac te r i s t ics  of any 
unknown t a rge t .  A consideration of the  theo re t i ca l  expressions for 
cer ta in  of these charac te r i s t ics  resul t ing from e l a s t i c  and p l a s t i c  
impacts reveals t h a t  re la t ionships  a re  available which a re  independent 
of t he  physical and geometric properties of both p ro jec t i l e s  and t a r -  
gets .  
sions f o r  peak accelerat ion (eq. ( 2 ) )  and t o t a l  pulse time (eq.  ( 3 ) )  
yie lds  the  relat ionship 

However, these 

Fromthe Hertz l a w  f o r  e l a s t i c  impact, the  product of the  expres- 

"i a = 3.68 - 
tt 

A similar expression r e s u l t s  from the  product of equations (10) and (11) 
f o r  p l a s t i c  impacts; t h i s  expression i s  

. 
These e ressions, based upon per fec t ly  e l a s t i c  and per fec t ly  p l a s t i c  
impactsTt,  = tt i n  a per fec t ly  p l a s t i c  impact , have numerical 1 



coef f ic ien ts  t h a t  d i f f e r .  I n  pract ice ,  however, ne i ther  per fec t ly  
e l a s t i c  nor per fec t ly  p l a s t i c  impacts would be rea l ized  and i n  an e f f o r t  
t o  obtain a more r e a l i s t i c  coef f ic ien t  - one possibly applicable t o  both 
types of impact - t he  experimental measurements of these  two character- 
i s t i c s  a r e  presented i n  f igu re  31. I n  t h i s  f igure,  t h e  r a t i o  of t he  
peak accelerat ion t o  t h e  corresponding impact ve loc i ty  (averaged at 
each t e s t  ve loc i ty)  i s  p lo t t ed  as a function of t h e  t o t a l  pulse time 
f o r  impacts onto a l l  t a r g e t  mater ia ls .  P ro jec t i l e s  and t a r g e t s  a r e  
both iden t i f i ed  on t h e  f igure .  Although t h e  impacts on sand were ne i ther  
e l a s t i c  nor p l a s t i c  i n  nature, t h e  r e s u l t s  of t e s t s  on t h i s  material, 
including both accelerat ions of t h e  multiple peak signatures,  a r e  a l so  
given. The data of t h i s  f i gu re  a re  best  f i t t e d  by t h e  expression 

vi 

tt 
a = 2.1 - 

which, i n  r e l a t ing  t h e  peak accelerat ion t o  the  t o t a l  pulse time f o r  a l l  
t e s t  p r o j e c t i l e s  and t a rge t s ,  d i f f e r s  only from the  theo re t i ca l  re la t ion-  
ships by the  numerical coef f ic ien t .  This f igure  shows t h a t  the  m a g n i -  
tude of t h e  peak accelerat ion and the  t o t a l  pulse time i s  dependent upon 
the  t a r g e t  mater ia l .  This f a c t  i s  b e t t e r  i l l u s t r a t e d  i n  f igure  32 where 
the  data of one p r o j e c t i l e  ( taken from f i g .  31) are  again presented, 
together  with t h e  f a i r e d  curve. The t a r g e t s  associated with these data 
a re  indicated i n  the  f igu re  and it i s  c lear ly  shown t h a t  t he  magnitudes 
of t h e  peak accelerat ions and t o t a l  pulse times a re  r e l a t ed  t o  the  tar- 
ge t  mater ia l .  
along the  f a i r e d  curve which appear t o  follow a sequence suggesting t h a t  
t he  magnitudes of t h e  peak accelerat ions and t o t a l  pulse times a re  indic- 
a t i v e  of t h e  res i s tance  of t he  t a rge t  mater ia l  t o  penetrat ion or t a r g e t  
hardness. Thus, it appears t ha t ,  f o r  a given p ro jec t i l e ,  posi t ions along 
the  curve f o r  peak accelerat ion against  t o t a l  pulse time can be defined 
f o r  mater ia ls  having a wide hardness spectrum which may be considered 
as an accelerometer-response-target-hardness ca l ib ra t ion  f o r  t he  given 
p ro jec t i l e .  

The da ta  f o r  these t a r g e t s  occupy de f in i t e  posi t ions 

The data of f igures  31 and 32 show t h a t  u se fu l  in fomat ion  on the  
hardness or pene t r ab i l i t y  of a t a r g e t  material may be obtained i f  a 
measure of e i t h e r  t h e  peak accelerat ion during impact or t h e  corre- 
sponding t o t a l  pulse time i s  known. 
insure the  r e s u l t s .  With t h e  addi t iona l  knowledge of t he  pulse shape, 
t he  impact may be f u r t h e r  c l a s s i f i e d  as t o  type and provide su f f i c i en t  
information t o  adequately describe the  nature of t h e  t a r g e t .  
information i s  provided by a complete impact acce lera t ion  time his tory,  
knowledge of which would be required i n  evaluating t h e  hardness of a 
remote surface, such as t h e  moon. 

A knowledge of both would, of course, 

Such 

1 
i 
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CONCLUSIONS 
4 

The impact of t h e  various t e s t  p ro j ec t i l e s  on the  d i f fe ren t  t a rge t  
materials produced accelerat ion time h i s t o r i e s  which contain several  
s ign i f icant  charac te r i s t ics .  These charac te r i s t ics  include the pulse 
shape, the  magnitude of t h e  peak acceleration, t he  time required t o  
reach t h a t  acceleration, and the  t o t a l  duration of the pulse. 
r e su l t s  of a study t o  evaluate these and other  re la ted  impact charac- 
t e r i s t i c s  suggest the  following conclusions: 

The 

1. The shape of the  acceleration time h i s to ry  i s  unique f o r  each 
of t he  three  general types of impact - e la s t i c ,  p las t ic ,  and penetra- 
t i o n  - and i s  capable of dist inguishing t h e  layer  charac te r i s t ics  of 
cer ta in  t a rge t  mater ia ls .  

2. The var ia t ion  of the  experimental peak accelerations and char- 
a c t e r i s t i c  pulse times with the  t e s t  var iables  (impact velocity, pro- 
j e c t i l e  mass, and diameter) agrees, i n  general, with t h a t  predicted by 
the  Hertz law f o r  e l a s t i c  impacts and by the  Meyer l a w  f o r  p l a s t i c  
impacts. 
impact on concrete a re  approximately 30 percent l e s s  than those theo- 
r e t i c a l l y  predicted f o r  per fec t ly  e l a s t i c  impacts, based upon average 
available values of modulus of e l a s t i c i t y  and Poisson's r a t i o  f o r  con- 
crete .  The t o t a l  pulse times predicted by t h e  Hertz law, based upon 
average propert ies  of modulus of e l a s t i c i t y  and Poisson's r a t i o  f o r  
concrete, appears t o  be applicable f o r  t he  case of the  l i g h t  pro jec t i les ,  
but a r e  somewhat l e s s  than those measured experimentally f o r  the  heavier 
p ro jec t i l e s .  Two values of the  dynamic flow pressure a re  required t o  
correlate  t h e  Meyer l a w  with the  experimental data f o r  p l a s t i c  impacts. 
I n  all impacts of t h i s  type, the  value required t o  predict  peak accel- 
e ra t ion  i s  somewhat l e s s  than t h a t  necessary t o  predict  penetration 
depths and charac te r i s t ic  times. 

The magnitudes of the experimental peak accelerations f o r  

3 .  Empirical expressions were formulated from the  experimental 
r e su l t s  obtained from penetration impacts which r e l a t e  t he  peak accel- 
e ra t ion  and penetration depth t o  parameters containing the  t e s t  variables.  
A s  i n  e l a s t i c  and p l a s t i c  impacts, the peak accelerations,  measured from 
penetration impacts, increased with increasing impact veloci ty  and pro- 
j e c t i l e  diameter and decreasing pro j e c t i l e  mass. Furthermore, as one 
would expect, an increase i n  penetration depth r e s u l t s  from increased 
p ro jec t i l e  mass and impact veloci ty  and decreased p ro jec t i l e  diameter. 

4. It appears from a comparison of the  magnitudes of cer ta in  of 
these charac te r i s t ics  resu l t ing  from impact i n  a l l  t a rge t  materials, 
t h a t  a r e l a t ive  pene t rab i l i ty  o r  hardness sca le  can be established. 
From such a scale, t h e  surface hardness of a remote ta rge t ,  such as 
the  moon, may be described i n  terms of t he  hardness of accessible ear th  



materials by comparing the  acceleration time h i s to r i e s  measured during 
impact of p ro jec t i l e s  on t h e  lunar  surface with those of i den t i ca l  
p ro j ec t i l e s  during impacts on known ear th  materials.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hmpton, V a .  , March. 19, 1962. 
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Figure 1.- Projectile configurations for low-velocity-impact tests. L-62-56 
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Figure 2. - Typical high-velocity-impact projectile and components. L-61-5959. 1 Iu 
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Figure 3.- Air gun and hoisting apparatus for high-velocity-impact t e s t s .  L-61-5641 
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Figure 4.- Sect ional  sketch of a i r  gun showing per t inent  components and 
dimensions. 
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( a )  Concrete; v i  = 30 fps; 

m = 0.0025 lb-sec*/in. 
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( c )  Balsa; Vi = 30 fps; ( e )  Sand; Vi = 20 fps; 

m = 0.0025 lb-sec2/in. m = 0.0025 lb-sec2/in. 
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(b) Lead; V i  = 30 fps; 

m = 0 . 0 0 8  lb-sec2/in. 

Time, msec Time, mSec 

(d)  Sod; Vi = 10 fps; ( f )  Layer; v i  = 36 fps; 

m = 0.0025 lb-sec*/in. m = 0.009 lb-sec2/in. 

Figure 5.- Reproduced samples of acceleration time h i s t o r i e s  recorded during impact of projec- 
t i l e s  on different  t a rge t  materials. D = 3 inches. 
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Time, msec 

( g )  Soil; Vi = 220 fps; 

m = 0.022 Ib-secz/in. 

Time, msec 

( h )  Layer; Vi = 170 fps; 
m = 0.009 lb-secZ/in. 

Figure 5.- Concluded. 
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Figure 9.- Effect of p r o j e c t i l e  diameter and m a s s  on charac te r i s t ic  
times of impacts on concrete t a rge t s .  
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Figure 10.- Effect of pro jec t i le  diameter and m a s s  on r e s t i t u t ion  veloci- 
t i e s  measured during impact on concrete ta rge ts .  
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Figure 11.- Experimental and theoret ical  peak accelerations for impact 

of projec t i les  on l e d  targets .  a = vi/%. 
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Figure 14.- Experimental and theore t ica l  penetration depths resul t ing 
from t h e  impact of p ro j ec t i l e s  on lead targets. p = 21,000 lb/sq in. 
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Figure 15.- Effect of p r o j e c t i l e  diameter and m a s s  on r e s t i t u t i o n  veloc- 
i t y  measured during impact on balsa  t a rge t s .  



44 

Penetration 
depth,  
Y ,  1". 

.2 - 

.I - 

.05 - 

I I I . , , I  I , I . .  .o I 
.I .2 .5 1.0 2 5 

vi m3'4 

D2 

. 6 - I  

10 

Figure 16.- Penetrat ion depths measured during impact of p r o j e c t i l e s  on 
balsa t a rge t s .  
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Figure 18.- Experimental and theore t ica l  r i s e  times f o r  impact of pro- 
j e c t i l e s  on balsa  ta rge ts .  p = 435 lb/sq i n .  
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Figure 20.- Experimental and theore t ica l  peak accelerations f o r  impact 
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Figure 21.- Experimental and theo re t i ca l  r i s e  times f o r  impact of pro- 
j e c t i l e s  on sod t a rge t s .  p = l3O lb/sq in .  
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Figure 22.- Effect of p r o j e c t i l e  diameter and m a s s  on cha rac t e r i s t i c  
times of impacts on s o d t a r g e t s .  
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Figure 23.- Experimental and theo re t i ca l  penetration depths resu l t ing  
f r o m  t h e  impact of p ro jec t i l e s  on sod t a rge t s .  p = l3O lb/sq i n .  
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Figure 24.- Peak accelerations measured during t h e  impact of p roJec t i les  
on sand ta rge ts .  
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Figure 2’3.- Effect of p ro jec t i l e  diameter and m a s s  on r i s e  times measured 
during impact on sand t a rge t s .  
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Figure 27.- Penetration depths resu l t ing  from t h e  impact of p ro jec t i l e s  
on sand ta rge ts .  
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Figure 28.- Effect of p ro jec t i l e  diameter and m a s s  on b las t -c ra te r  diam- 
e t e r  resu l t ing  from impact on sand t a rge t s .  
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Figure 29.- Peak accelerations measured during high-velocity impacts of 
3-inch-diameter projectiles in soil targets. 



59 . 

0 
L- 
\D 

2i 

5 0 0 r  

IO( 

Penetration 
depth, 
y ,  in. 

5 (  

~ 

0 

m, 
Ib- sec2/in. 

0 0.023 
0 .026 
0 .03 I 
A .045 

Open symbols, hemispherical nose 
Solid symbols, 60° nose cone / 

Y =  0.005 m ~ ~ ' ~  

50,000 
~ 

Figure 30.- Penetration depths resu l t ing  from high-velocity impacts of 
3-inch-diameter p ro jec t i l e s  i n  s o i l  t a rge ts .  
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Figure 31.- R~sum6 of characteristics measured f r o m  acceleration time 
histories recorded during impact of projectiles on various target 
materials. 
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Figure 30.- Penetration depths resu l t ing  from high-velocity impacts of 
3-inch-diameter p ro jec t i l e s  i n  s o i l  t a rge ts .  
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h i s t o r i e s  recorded during impact of p ro jec t i l e s  on various t a rge t  
materials.  
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